Fusing proteins as an approach to study bioenergetic enzymes and processes  by Czapla, Monika et al.
Biochimica et Biophysica Acta 1817 (2012) 1847–1851
Contents lists available at SciVerse ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r .com/ locate /bbabioMinireview
Fusing proteins as an approach to study bioenergetic enzymes and processes☆
Monika Czapla, Marcin Sarewicz, Artur Osyczka ⁎
Department of Molecular Biophysics, Faculty of Biochemistry, Biophysics and Biotechnology, Jagiellonian University, Kraków, PolandAbbreviations: FeS, 2 iron–2 sulfur Rieske cluster; R
cytochrome bc1-like complexwith two cytochromes b fuse
bb, a fusion protein containing two cytochrome b subunits
peptide
☆ This article is part of a Special Issue entitled: 17th Eur
(EBEC 2012).
⁎ Corresponding author at: Department of Molecular B
istry, Biophysics and Biotechnology, Jagiellonian Univers
Kraków, Poland. Tel.: +48 12 664 6348; fax: +48 12 664
E-mail address: artur.osyczka@uj.edu.pl (A. Osyczka
0005-2728/$ – see front matter © 2012 Elsevier B.V. All
doi:10.1016/j.bbabio.2012.03.024a b s t r a c ta r t i c l e i n f oArticle history:
Received 6 February 2012
Received in revised form 21 March 2012
Accepted 22 March 2012
Available online 29 March 2012
Keywords:
Fusion protein
Protein design
Electron transfer
Cytochrome
Membrane proteinFusing proteins is an attractive genetic tool used in several biochemical and biophysical investigations.
Within a group of redox proteins, certain fusion constructs appear to provide valuable templates for
spectroscopy with which speciﬁc bioenergetic questions can be addressed. Here we brieﬂy summarize three
different cases of fusions reported for bacterial cytochrome bc1 (prokaryotic equivalent of mitochondrial
respiratory complex III), a common component of electron transport chains. These fusions were used to study
supramolecular organization of enzymatic complexes in bioenergetic membrane, inﬂuence of the accessory
subunits on the activity and stability of the complex, and molecular mechanism of operation of the enzyme in
the context of its dimeric structure. Besides direct connotation to molecular bioenergetics, these fusions also
appeared interesting from the protein design, biogenesis, and assembly points of view. This article is part of a
Special Issue entitled: 17th European Bioenergetics Conference (EBEC 2012).
© 2012 Elsevier B.V. All rights reserved.1. Introduction
A genetic technique of fusing proteins has traditionally been used
in several biochemical and biophysical investigations for variety of
purposes. Examples of applications include studies on topographical
arrangement of membranous proteins [1], integration of proteins
into membranes [2,3], function of enzymes [4,5], interactions
between proteins [6], developing protocols for protein isolation by
chromatographic methods [7], or detection by microscopic tech-
niques [8,9].
Those types of applications also concern a group of redox active
proteins. For example, topographical arrangement of PetL in the
cytochrome b6f complex was studied by fusing PetL with subunit IV
before the crystal structure of this complex was known [10]. The
fusions with alkaline phosphatase were used to examine the
membrane topology of the L-subunit of the photosynthetic reaction
center and of the cytochrome b subunit of cytochrome bc1 from
Rhodobacter sphaeroides [11], while fusions with β-lactamase
showed topology of subunit I of the cytochrome bd quinol oxidase
from Eschericha coli [12]. Similar types of experiments aiming atb., Rhodobacter; B–B complex,
d into one subunit; cytochrome
connected together by a linker
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rights reserved.predicting topography can also be found in Refs. [13,14]. One more
example includes a model system in E. coli with an employment of
the fusion of the cytochrome b6 subunit to maltose binding protein
to investigate the incorporation of this subunit into the membrane
[15].
In the group of redox proteins, an additional application of the
approach of fusing proteins is associated with investigating the function
of those proteins. This means designing such types of fusion constructs
that would enable addressing speciﬁc questions related to electron
transfer processes. For example, by studying electron transfer within the
chimeric protein containing two, otherwise freely diffusible, redox
protein partners (such as in the case of cytochrome b5 fused to truncated
form of NADH-cytochrome b5 reductase [16]) onemight get insights into
the mechanisms of protein–protein interactions in the context of inter-
protein electron transfer.
To illustrate attractiveness of this approach in investigating various
aspects of engineering of bioenergetic enzymes and energy conversion
systems, we brieﬂy summarize here three cases of fusions reported for
bacterial cytochrome bc1 (prokaryotic equivalent of mitochondrial
respiratory complex III), a common component of electron transport
chains. At the root of those studies lies a remarkable structural plasticity
of this enzyme which has proven itself capable of tolerating various
structural constraints imposed by different types of engineered fusion
constructs. In one case, cytochrome bc1 was fused with its electron
carrier protein partner to study supramolecular organization of
enzymatic complexes in bioenergetic membrane [17,18]. In another
case, two different subunits of the complex were fused to study
inﬂuence of the accessory subunits on the activity and stability of the
complex [19]. In yet another case, the two identical subunits of dimeric
complex were fused to study mechanism of operation of the dimer
[20–22].
Fig. 1. A schematic drawing of various cytochrome bc1 fusion proteins. (A) Rb.
capsulatus cytochrome bc1–cy complex (created by a fusion of cytochrome c1 with
membrane-anchored cytochrome cy), (B) Rb. sphaeroides cytochrome c1-IV fusion
protein, (C) B–B complex of Rb. capsulatus containing fused two cytochrome b subunits
in the dimer (bb). The black thick lines indicate the position of linkers. b, c1, FeS, IV,
denote subunits of cytochrome bc1; cy denotes cytochrome cy.
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Biological energy conversion systems are built of multi-subunit
membranous protein complexes connected functionally by diffusible
components that form redox pools in the membrane (quinone
molecules) and in the intermembrane space (cytochromes or other
water soluble electron carriers). Diffusion-coupled reactions that link
the membranous and water-soluble components are an early idea [23]
reinforced by the observation that the lifetime of the complexes formed
between the two interacting proteins is very short (less than 400 ns at
the physiological ionic strength) [24] and that a dipole moment
facilitates collisions to reach a proper conﬁguration for electron transfer
[25]. However, the supramolecular organization of the complexes
within the membrane is under debate [26–32]. One possibility is that
the complexes are more or less randomly distributed throughout the
membrane and diffusible components have unrestricted freedom to
move between complexes in two dimensions [23,28,29]. Another
possibility is that the complexes form largermacromolecular structures
with a conﬁned pool of diffusible components [30,32].
As the membranous proteins can, in principle, diffuse indepen-
dently from one another within the lipid bilayer, investigating the
functional status of the macromolecular multi-complex structures
from the kinetic point of view presents an experimental challenge. In
this context, fusing two redox protein partners offers an attractive
solution: one might get effective means to constrain diffusion in a
controlled manner to study implications of those constrains on the
functionality of electron transfer system. This was accomplished in
the cells of purple bacterium Rb. capsulatus by fusing cytochrome bc1
with its redox partner, membrane-anchored cytochrome cy (Fig. 1A)
[17,18]. This cytochrome transfers electrons from cytochrome bc1 to
photosynthetic reaction center sustaining the simplest photosynthet-
ic cyclic electron transfer system (even in the absence of the major
periplasmic electron carrier, water-soluble cytochrome c2) [33–35],
thus fusing it with cytochrome bc1 provided effective means to
estimate what was the minimal distance to which cytochrome cy
must move away from cytochrome bc1 to be able to interact with
reaction center and efﬁciently transfer electrons to it.
The fusion protein complex (cytochrome bc1–cy) was constructed by
connecting the C-terminus of the cytochrome c1 subunit of cytochrome
bc1 (which protrudes from the cytoplasmic side of the membrane as the
ending part following the transmembranousα-helix anchoring the heme
c1-containingwater soluble domain)with the N-terminus of cytochrome
cy (which also protrudes from the cytoplasmic side and continues into the
transmembranous α-helix anchoring the heme c-containing water
soluble domain) [17]. The studies used a series of cytochrome cy which
differed in length in the neck region connecting the heme-containing
head domain of cytochrome cy with its membranous anchor (Table 1).
Thisway, the cytochrome bc1–cy fusion served as a “molecular ruler”with
which the various distances between the photosynthetic electron
transfer system components estimated from the structural constrains
imposed by the fusion protein were probed for electron transfer
functionality [18].
The shortest and still functional cytochrome cy linker was found to
be about 45 amino-acids long, which implicated that the minimal
distance allowed between the cytochrome bc1–cy and the reaction
center and their surrounding light harvesting complexes can be very
short (within 100 Å, necessary for the soluble domain of cytochrome cy
to reach the central part of the L and M subunits of the reaction center
and the cytochrome c1 domain of cytochrome bc1–cy fusion complex).
This distance range corresponds to reaction center — light harvesting
complexes and the cytochrome bc1 complexes being very close (next)
to each other in the membrane. This distance is inconsistent with a
model separating spatially the location of the reaction center dimers
from cytochrome bc1 in chromatophore vesicles [36].
The results obtained with the cytochrome bc1–cy fusion provided
kinetic picture consistent with a notion that individual membranousenzymatic components may form larger structural complexes in
bioenergetic membrane. It remains to be seen whether this type of
arrangement exists in natural membrane, and if so with what
proportion to other possible arrangements (i.e., when complexes are
more or less clearly separated apart).
3. Improving stability to study structure and assembly
In addition to the three subunits of the catalytic core (cytochrome b,
cytochrome c1 and the FeS subunit), several cytochrome bc1 complexes
contain supernumerary subunits with no redox prosthetic groups
[37,38]. The number of these subunits may vary: mitochondrial
cytochrome bc1 contains as much as 7 or 8 accessory subunits, while
some bacterial species (such as Rb. sphaeroides) contains just one
accessory subunit (termed subunit IV). These subunits do not participate
in the reactions of the catalytic cycle and, in general, their function is less
clear comparing to our knowledge on the catalytic subunits. This, in
particular, concerns the subunit IV of bacterial cytochrome bc1 present in
some bacterial species (e.g., the above mentioned Rb. sphaeroides), but
absent in other species (e.g., Rb. capsulatus) [39,40]. This small protein,
consisting of just one transmembrane α-helix and a loop region at the
cytoplasmic side of the membrane [41], does not appear essential for the
Table 1
Selected properties of complexes containing fused subunits of cytochrome bc1.
Name of fusion protein Linker lengtha Connected proteins Assembly of
fusion protein
Enzymatic
activity
Photosynthetic
growth
References
bc1–cy 2 cyt c1–cyt cy + + + [17,18]
bc1–cy Δb19 2 + + +
bc1–cy Δb24 2 + + +
c1-IV [6] 6 cyt c1–su IV + + + [19]
c1-IV [14] 14 + + +
B–B [3] 3 cyt b–cyt b + + − [20,22]
B–B [6] 6 + + −
B–B [9] 9 + + −
B–B [12] 12 + + −
B–B [16] 16 + + −
B–B [20] 20 − ndc nd
a The length of linker corresponds to amino acid residues changed and/or added within the linker region.
b Δ indicates number of amino acids deleted from the neck region connecting head domain of cyt cy with its membrane anchor.
c Not determined.
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subunits [40,42]. It is rather loosely bound to the three-subunit core of the
complex and can be lost upon puriﬁcation to various degrees. It also
dissociates from the complex upon crystallization [43].
As an approach to prevent this unwanted effect and obtain the
complex with stoichiometric amount of subunit IV, the N-terminus of
this subunit was fused to the C-terminus of cytochrome c1 (Fig. 1B)
[19]. In this case, a successful fusion was achieved with a linker
made of 6 or 14 glycines (Table 1), and the latter one was chosen for
further analysis. The puriﬁed cytochrome bc1 complex containing the
cytochrome c1-subunit IV fusion displayed higher enzymatic activity,
comparing to typical wild-type cytochrome bc1 that contain substoichio-
metric amounts of subunit IV. Interestingly, the complex with the fusion
also appeared to be structurally more stable than the wild-type enzyme,
as indicated by higher tolerance to detergent treatment and its higher
thermotropic denaturation temperature [19]. Those properties make the
engineered fusion protein complex a promising material for X-ray
crystallography and other structure–function studies.
4. Breaking symmetry to study catalytic mechanism
Cytochrome bc1 is a homodimer. At the level of monomer, the
universally conserved core consisting of three catalytic subunits
embeds two hemes b, one heme c, and the 2-iron–2-sulfur cluster
(FeS) [37,38]. Each monomer has two catalytic quinone oxidation sites,
the Qo (Qp) and Qi (Qn) sites, located on the opposite sides of the
membrane. From just the structural point of view, the monomer is
equippedwith all components necessary to perform themain biological
function of cytochrome bc1— catalyze the Q cycle [44]. However, some
of the unusual structural and biochemical–physical properties of
cytochrome bc1 gave rise to considerations that the enzyme may not
only be a functional dimer, but also that the catalytic cycle may depend
on more or less severe allosteric control within and/or between the
monomers. Those elements include: large-scale motion of the FeS head
domain between the catalytic Qo site and cytochrome c1 necessary to
convey its electron transfer function [45], the intertwined topographical
arrangement of the FeS subunit seen in the crystal structures [38] (the
FeS head domain interacting with the Qo site in one monomer has its
anchor attached to the other monomer), and the distance between the
two hemes b in the core of the dimer sufﬁcient to support catalytically
relevant electron transfer between monomers [46,47].
In view of those considerations, several different models of
cytochrome bc1 catalyticmechanism have been proposed. The allosteric
models share a common assumption that the control of the motion of
the FeS head domain is required to synchronize speciﬁc phases of the
motion with speciﬁc events of the catalytic cycle [48–51]. The non-
allosteric models, on the other hand, assume that thermodynamicgrounds are sufﬁcient to explain kinetic operation of the enzymewhich
simply seeks to establish redox equilibrium between the substrate
redox pools [44,46,52,53].
The major experimental difﬁculty in examining the functioning of
the dimer comes from the fact that the monomers are structurally
symmetric, and spectroscopically and electrochemically indistin-
guishable. Furthermore, until recently the experimental means to
break this symmetry for functional studies were not available.
Because in bacterial cells, the subunits of both monomers are the
products of expression of the same genes, the systems for site-
directed mutagenesis allowed only symmetrical modiﬁcations of
cytochrome bc1 (i.e., mutations were present in both monomers).
However, new approaches described recently overcame this limita-
tion [20,22,54,55]. One of them, described for Rb. capsulatus cells, is
based on a fusion of two cytochrome b subunits within the core of the
dimer [20,22].
The fusion was accomplished by connecting the C-terminus of one
cytochrome b with the N-terminus of the other. To do so the gene
encoding cytochrome bwas extendedwith the linker peptide sequence
followed by the second copy of the same gene containing Strep-tag
sequence at its terminus. The successful fusion was achieved using a
number of different peptide linkers (Table 1), in each case converting
two separate 8-helical cytochromes b of the dimer into one 16-helical
cytochrome bb that assembled together with other subunits, two
cytochromes c1 and two FeS subunits (the so called B–B complex in
Fig. 1C) [20]. Such fusion provided template suitable for modiﬁcations
directing only one copy of individual mutation into cytochrome bb
which corresponded to one mutational change per dimer.
With such system the symmetry of the dimer was broken by
introducing strategically positioned point mutations that selectively
inactivated individual segments of the dimer. One type of mutation
(corresponding to G158W in cytochrome b) inactivated the Qo site, the
other (corresponding to H212N) inactivated one of the hemes b and
thereby also the action of the Qi site. Various asymmetric combinations
of these two mutations exposed all major electron-transfer paths for
kinetic testing [21,22]. The experiments revealed fundamental prin-
ciples of the operation of the dimer establishing that electrons move
freely within and between monomers, crossing an electron transfer
bridge between two hemes b in the core of dimer. The so formed H-
shaped electron transfer system distributes electrons between four
quinone catalytic sites at the corners of the dimer within the millisecond
timescale of catalytic turnover [21,22]. In this systemany path connecting
the catalytic sites on the opposite sides of themembrane is enzymatically
competent with no requirement for allosteric control between the
monomers and/or the catalytic sites.
The fusion B–B system provides means for systematic examining of
various asymmetric electron transfer paths under a broad range of
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mechanistic studies. At the level of membranes, kinetics of light-
induced electron transfer on a timescale ofmilliseconds can be followed
in various forms of asymmetrically mutated B–B complexes [22]. But
also at the level of isolated forms, the B–B complexes retain high
enzymatic activities, which extends an array of possible experiments to,
for example, those aiming at comparing themaximum turnover rates of
several asymmetrically mutated B–B forms [21]. It can be anticipated
that in long term, those types of experiments will not only provide
mechanistic insights into the operation of dimeric cytochrome bc1 but
will also help understand the role of its symmetry from physiological
perspective.
5. Engineering plasticity of bioenergetics systems
Besides direct connotation to molecular bioenergetics, presented
above three examples of studies applying a fusion approach in
cytochrome bc1 appear also interesting from the protein design,
biogenesis, and assembly points of view. It should be appreciated that
even though in all three cases the topographical alignment made it
theoretically possible to fuse the two proteins the way they were
fused (both linked ends were on the same side of the membrane and
were expected to have signiﬁcant conformational ﬂexibility), a
successful expression of designed constructs must have been chal-
lenging for the cells as it required adaptations in many processes
including protein import, folding, maturation and assembly.
From the three cases discussed here, perhaps the least demanding
for the cells was a fusion of subunit IV to the end of cytochrome c1,
as this represented an addition of mostly just one transmembrane
α-helix with no cofactors attached to it. But in the cytochrome c1–cy
fusion, two membrane-anchored cytochromes were connected, each
containing covalently attached heme c1. This required adaptation
both in the process of anchoring to the membrane (which normally
occurs with a help of signal sequences) and in the post-translational
modiﬁcation to attach hemes (via sophisticated maturation
processes) [56].
In the case of the B–B construct, the additional challenge came from
the fact that, unlike in the two other cases where the fusion concerned
the peripheral parts of cytochrome bc1 dimer (because of the location of
the membranous anchor and the C terminal portion of cytochrome c1),
fusing two cytochromes b targeted the central core of the dimer. The
16-helical cytochrome bb construct not only must have folded in a
similar manner in the membrane as the two native 8-helical
cytochromes b but also must have preserved attachment sites for four
hemes b, must have formed four quinone catalytic binding sites and
must have retained speciﬁcity in interactions with other subunits,
cytochrome c1 and the FeS subunit. Thus, from an assembly point of
view, the competent versions of B–B complexes come as remarkable
examples of the overall structural plasticity of cytochrome bc1 and its
hydrophobic core built by cytochromes b.
It should be noted that, apart from clear advantages, the fusion
approach has its limitations related in part to the fact that fusion
constructs are not native to the cells which creates potential risk of
occurrence of unassembled or dysfunctional or improperly incorpo-
rated into the membrane complexes/subcomplexes at levels that
might compromise further functional analysis. Indeed, such cases
were documented for some derivatives of B–B [20,22]. One should
also bear in mind that fusion proteins should always be treated as
model systems, especially when analyzing their functional properties
and interpreting the results (see discussion in Ref. [21]).
Electron transport chains assemble as multi-component systems
linked together to perform biological function. As exempliﬁed here,
in certain cases individual subunits of the sameprotein or of two separate
but interacting-physiologically proteins can be fused together into
larger units within which the overall topography, structure, properties
of cofactors and catalytic sites and electron transfer connections arepreserved. Perhaps such plasticity and ﬂexibility to tolerate more than
one way the individual components are getting assembled together is a
general property built in to those systems and important from the
evolutionary point of view. For us, it is a bonus offering attractive means
to study molecular mechanisms of their operation.Acknowledgements
A.O. acknowledges The Wellcome Trust International Senior
Research Fellowship.References
[1] D. Drew, D. Sjöstrand, J. Nilsson, T. Urbig, C. Chin, J. de Gier, G. von Heijne, Rapid
topology mapping of Escherichia coli inner-membrane proteins by prediction and
PhoA/GFP fusion analysis, Proc. Natl. Acad. Sci. U. S. A. 99 (2002) 2690–2695.
[2] G. Kefala, W. Kwiatkowski, L. Esquivies, I. Maslennikov, S. Choe, Application of
Mistic to improving the expression and membrane integration of histidine kinase
receptors from Escherichia coli, J. Struct. Funct. Genomics 8 (2007) 167–172.
[3] T. Roosild, J. Greenwald, M. Vega, S. Castronovo, R. Riek, S. Choe, NMR structure of
Mistic, a membrane-integrating protein for membrane protein expression,
Science 307 (2005) 1317–1321.
[4] A. Levasseur, D. Navarro, P. Punt, J. Belaïch, M. Asther, E. Record, Construction of
engineered bifunctional enzymes and their overproduction in Aspergillus niger for
improved enzymatic tools to degrade agricultural by-products, Appl. Environ.
Microbiol. 71 (2005) 8132–8140.
[5] P. Ljungcrantz, H. Carlsson, M. Månsson, P. Buckel, K. Mosbach, L. Bülow,
Construction of an artiﬁcial bifunctional enzyme, beta-galactosidase/galactose
dehydrogenase, exhibiting efﬁcient galactose channeling, Biochemistry 28 (1989)
8786–8792.
[6] S. Kiessig, J. Reissmann, C. Rascher, G. Küllertz, A. Fischer, F. Thunecke, Application
of a green ﬂuorescent fusion protein to study protein–protein interactions by
electrophoretic methods, Electrophoresis 22 (2001) 1428–1435.
[7] D. Smith, K. Johnson, Single-step puriﬁcation of polypeptides expressed in
Escherichia coli as fusions with glutathione S-transferase, Gene 67 (1988) 31–40.
[8] J. Presley, N. Cole, T. Schroer, K. Hirschberg, K. Zaal, J. Lippincott-Schwartz, ER-to-Golgi
transport visualized in living cells, Nature 389 (1997) 81–85.
[9] C. Webb, A. Decatur, A. Teleman, R. Losick, Use of green ﬂuorescent protein for
visualization of cell-speciﬁc gene expression and subcellular protein localization
during sporulation in Bacillus subtilis, J. Bacteriol. 177 (1995) 5906–5911.
[10] F. Zito, J. Vinh, J. Popot, G. Finazzi, Chimeric fusions of subunit IV and PetL in the
b6f complex of Chlamydomonas reinhardtii: structural implications and conse-
quences on state transitions, J. Biol. Chem. 277 (2002) 12446–12455.
[11] C.-H. Yun, S.R. Van Doren, A.R. Crofts, R. Gennis, The use of gene fusions to
examine the membrane topology of the L-subunit of the photosynthetic reaction
center and the cytochrome b subunit of the bc1 complex from Rhodobacter
sphaeroides, J. Biol. Chem. 266 (1991) 10967–10973.
[12] J. Zhang, B. Barquera, R.B. Gennis, Gene fusions with β-lactamase show that
subunit I of the cytochrome bc quinol oxidase from E. coli has nine transmembrane
helices with the 02 reactive site near the periplasmic surface, FEBS Lett. 561 (2004)
58–62.
[13] M. Chepuri, R.B. Gennis, The use of gene fusions to determine the topology of all
of the subunits of the cytochrome o terminal oxidase complex of Escherichia coli,
J. Biol. Chem. 265 (1990) 12978–12986.
[14] J.M. Ma, L. Lemieux, R.B. Gennis, Genetic fusion of subunit I, II, and III of the
cytochrome bo ubiquinol oxidase from Escherichia coli results in a fully assembled
and active enzyme, Biochemistry 32 (1993) 7692–7697.
[15] J. Króliczewski, K. Hombek-Urban, A. Szczepaniak, Integration of the thylakoid
membrane protein cytochrome b6 in the cytoplasmic membrane of Escherichia
coli, Biochemistry 44 (2005) 7570–7576.
[16] A. Yantsevich, A. Gilep, S. Usanov, Mechanism of electron transfer in fusion
protein cytochrome b5-NADH-cytochrome b5 reductase, Biochemistry (Mosc.)
73 (2008) 1096–1107.
[17] D.-W. Lee, Y. Oztruk, A. Mamedova, A. Osyczka, J.W. Cooley, F. Daldal, A functional
hybrid between the cytochrome bc1 complex and its physiological
membrane-anchored electron acceptor cytochrome cy in Rhodobacter capsulatus,
Biochim. Biophys. Acta 1757 (2006) 346–352.
[18] D.-W. Lee, Y. Ozturk, A. Osyczka, J.W. Cooley, F. Daldal, Cytochrome bc1–cy fusion
complexes reveal the distance constraints for functional electron transfer
bewteen photosynthetic components, J. Biol. Chem. 283 (2008) 13973–13982.
[19] T. Su, L. Esser, D. Xia, C.A. Yu, L. Yu, Generation, characterization and crystalization
of a cytochrome c1-subunit IV fused cytochrome bc1 complex from Rhodobacter
sphaeroides, Biochim. Biophys. Acta 1817 (2012) 298–305.
[20] M. Czapla, A. Borek, M. Sarewicz, A. Osyczka, Fusing two cytochromes b of
Rhodobacter capsulatus cytochrome bc1 using various linkers deﬁnes a set of
protein templates for asymmetric mutagenesis, Protein Eng. Des. Sel. 25 (2012)
15–25.
[21] M. Czapla, A. Borek, M. Sarewicz, A. Osyczka, Enzymatic activities of isolated
cytochrome bc1-like complexes containing fused cytochrome b subunits with
asymmetrically inactivated segments of electron transfer chains, Biochemistry
51 (2012) 829–835.
1851M. Czapla et al. / Biochimica et Biophysica Acta 1817 (2012) 1847–1851[22] M. Świerczek, E. Cieluch, M. Sarewicz, A. Borek, C.C. Moser, P.L. Dutton, A. Osyczka,
An electronic bus bar lies in the core of cytochrome bc1, Science 329 (2010) 451–454.
[23] C.R. Hackenbrock, B. Chazotte, S.S. Gupte, The random collision model and a
critical assessment of diffusion and collision in mitochondrial electron transport
chain, J. Bioenerg. Biomembr. 18 (1986) 331–368.
[24] M. Sarewicz, A. Borek, F. Daldal, W. Froncisz, A. Osyczka, Demonstration of
short-lived complexes of cytochrome cwith cytochrome bc1 by EPR spectroscopy.
Implications for the mechanism of interprotein electron transfer, J. Biol. Chem.
283 (2008) 24826–24836.
[25] M. Sarewicz, R. Pietras, W. Froncisz, A. Osyczka, Reorientation of cytochrome c2
upon interaction with oppositely charged macromolecules probed by SR EPR:
implications for the role of dipole moment to facilitate collisions in proper
conﬁguration for electron transfer, Metallomics 3 (2011) 404–409.
[26] E.J. Boekema, H.-P. Braun, Supramolecular structure of the mitochondrial
oxidative phosphorylation system, J. Biol. Chem. 282 (2007) 1–4.
[27] A. Vermeglio, P. Joliot, Supramolecular organisation of the photosynthetic chain
in anoxygenic bacteria, Biochim. Biophys. Acta 1555 (2002) 60–64.
[28] P.R. Rich, Electron and proton transfers through quinones and cytochrome bc
complexes, Biochim. Biophys. Acta 768 (1984) 53–79.
[29] M. Trouillard, B. Meunier, F. Rappaport, Questioning the functional relevance of
mitochondrial supercomplexes by time-resolved analysis of the respiratory
chain, Proc. Natl. Acad. Sci. U. S. A. 108 (2011) E1027–E1034.
[30] H. Schagger, K. Pfeiffer, Supercomplexes in the respiratory chains of yeast and
mamalian mitochondria, EMBO J. 19 (2000) 1777–1783.
[31] G. Lenaz, M.L. Genova, Structure and organization of mitochondrial respiratory
complexes: a new understanding of an old subject, Antioxid. Redox Signal. 12 (2010)
961–1008.
[32] R. Acin-Perez, P. Fernandez-Silva, M.L. Peleato, A. Perez-Martos, J.A. Enriquez,
Respiratory active mitochondrial supercomplexes, Mol. Cell 32 (2008) 529–539.
[33] F. Daldal, M. Deshmukh, R.C. Prince, Membrane-anchored cytochrome c as an
electron carrier in photosynthesis and respiration: past, present and future of an
unexpected discovery, Photosynth. Res. 76 (2003) 127–134.
[34] F.E. Jenney, F. Daldal, A novel membrane-associated c-type cytochrome, cyt cy, can
mediate the photosynthetic growth of Rhodobacter capsulatus and Rhodobacter
sphaeroides, EMBO J. 12 (1993) 1283–1292.
[35] F.E. Jenney Jr., R.C. Prince, F. Daldal, Roles of the soluble cytochrome c2 and
membrane-associated cytochrome cy of Rhodobacter capsulatus in photosynthetic
electron transfer, Biochemistry 33 (1994) 2496–2502.
[36] T. Geyer, V. Helms, A spatial model of the chromatophore vesicles of Rhodobacter
sphaeroides and the position of the cytochrome bc1 complex, Biophys. J. 91 (2006)
921–926.
[37] E. Darrouzet, J.W. Cooley, F. Daldal, The cytochrome bc1 complex and its
homologue the b6 f complex: similarities and differences, Photosynth. Res. 79 (2004)
25–44.
[38] E.A. Berry, M. Guergova-Kuras, L. Huang, A.R. Crofts, Structure and function of
cytochrome bc complexes, Annu. Rev. Biochem. 69 (2000) 1005–1075.
[39] O. Ljungdahl, J.D. Pennoyer, D.E. Robertson, B.L. Trumpower, Puriﬁcation of highly
active cytochrome bc1 complexes from phylogenetically diverse species by a
single chromatographic procedure, Biochim. Biophys. Acta 891 (1987) 227–241.[40] L. Yu, C.A. Yu, Essentiality of the molecular weight 15000 protein (subunit IV) in
the cytochrome b–c1 complex of Rhodobacter sphaeroides, Biochemistry 30 (1991)
4934–4939.
[41] S.-C. Tso, S.K. Shenoy, B. Quinn, L. Yu, Subunit IV of cytochrome bc1 complex from
Rhodobacter sphaeroides, J. Biol. Chem. 275 (2000) 15287–15294.
[42] Y.R. Chen, C.A. Yu, L. Yu, Functional expression of subunit IV of Rhodobacter
sphaeroides cytochrome b–c1 complex and reconstitution of recombinant protein
with three-subunit core complex, J. Biol. Chem. 271 (1996) 2057–2062.
[43] L. Esser, M. Elberry, F. Zhou, C.A. Yu, D. Xia, Inhibitor-complexed structures of
the cytochrome bc1 from the photosynthetic bacterium Rhodobacter sphaeroides,
J. Biol. Chem. 283 (2008) 2846–2857.
[44] A.R. Crofts, J.T. Holland, D. Victoria, D.R.J. Kolling, S.A. Dikanov, R. Gilbreth, S. Lhee,
R. Kuras, M. Guergova Kuras, The Q-cycle reviewed: how well does a monomeric
mechanism of the bc1 complex account for the function of a dimeric complex?
Biochim. Biophys. Acta 1777 (2008) 1001–1019.
[45] E. Darrouzet, C.C. Moser, P.L. Dutton, F. Daldal, Large scale domain movement in
cytochrome bc1: a new device for electron transfer in proteins, Trends Biochem.
Sci. 26 (2001) 445–451.
[46] A. Osyczka, C.C. Moser, F. Daldal, P.L. Dutton, Reversible redox energy coupling in
electron transfer chains, Nature 427 (2004) 607–612.
[47] V.P. Shinkarev, C.A. Wraight, Intermonomer electron transfer in the bc1
complex dimer is controlled by the energized state and by impaired electron
transfer between low and high potential hemes, FEBS Lett. 581 (2007)
1535–1541.
[48] J.W. Cooley, D.-W. Lee, F. Daldal, Across membrane communication between
the Qo and Qi active sites of cytochrome bc1, Biochemistry 48 (2009) 1888–1899.
[49] R. Covian, B.L. Trumpower, Regulatory interactions in the dimeric cytochrome bc1
complex: the advantages of being a twin, Biochim. Biophys. Acta 1777 (2008)
1079–1091.
[50] L. Esser, X. Gong, S. Yang, L. Yu, C.A. Yu, D. Xia, Surface-modulated motion switch:
capture and release of iron–sulfur protein in the cytochrome bc1 complex, Proc.
Natl. Acad. Sci. U. S. A. 103 (2006) 13045–13050.
[51] A.Y. Mulkidjanian, Proton translocation by the cytochrome bc1 complexes of
phototrophic bacteria: introducing the activated Q-cycle, Photochem. Photobiol.
Sci. 6 (2007) 19–34.
[52] E. Cieluch, K. Pietryga, M. Sarewicz, A. Osyczka, Visualizing changes in electron
distribution in coupled chains of cytochrome bc1 by modifying barrier for
electron transfer between the FeS cluster and heme c1, Biochim. Biophys. Acta
1797 (2010) 296–303.
[53] A.Osyczka, C.C.Moser, P.L. Dutton, Fixing theQ cycle, Trends Biochem. Sci. 30 (2005)
176–182.
[54] M. Castellani, R. Covian, T. Kleinschroth, O. Anderka, B. Ludwig, B.L. Trumpower,
Direct demonstration of half-of the sites reactivity in the dimeric cytochrome bc1
complex, J. Biol. Chem. 285 (2010) 502–510.
[55] P. Lanciano, D.-W. Lee, H. Yang, E. Darrouzet, F. Daldal, Intermonomer electron
transfer between the low-potential hemes of cytochrome bc1, Biochemistry 50 (2011)
1651–1663.
[56] C. Sanders, S. Turkarslan, D.-W. Lee, F. Daldal, Cytochrome c biogenesis: the Ccm
system, Trends Microbiol. 18 (2010) 266–274.
